Several modifiable risk factors have been confirmed to increase the risk of renal cell cancer (RCC), including obesity, cigarette smoking and hypertension, while increasing evidence suggests that moderate alcohol consumption may be inversely associated with RCC risk 1 . In addition to environmental factors, genetic susceptibility to RCC has been evaluated in numerous candidate-gene association studies, in which several single nucleotide polymorphisms (SNPs) from relevant biologic pathways have been associated with RCC risk 1 including several genetic variants in genes that are involved in the renin-angiotensin-aldosterone system (RAAS) and hypertension pathways [2] [3] [4] . In genome-wide association studies (GWAS), susceptibility loci have been identified near the genes EPAS1 (endothelial PAS domain protein 1; involved in the von Hippel Lindau (VHL)-hypoxia-inducible factor (HIF) oxygen-sensing pathway), ITPR2 (inositol 1,4,5-trisphosphate receptor type 2; associated with waist-hip ratio) and ZEB2 (zinc finger E-box binding homeobox 2; involved in epithelial-mesenchymal transition) [5] [6] [7] [8] [9] . In a small GWAS among African Americans, an association with RCC risk was reported for a SNP that was located in the KCNQ2 (potassium voltage-gated channel, KQT-like subfamily, member 2) gene, but the association was not replicated in the confirmation study 10 . However, in complex diseases, such as RCC, a substantial part of the phenotypic variation may be explained by the modifying effects of genetic variations on lifestyle risk factors
Several modifiable risk factors have been confirmed to increase the risk of renal cell cancer (RCC), including obesity, cigarette smoking and hypertension, while increasing evidence suggests that moderate alcohol consumption may be inversely associated with RCC risk 1 . In addition to environmental factors, genetic susceptibility to RCC has been evaluated in numerous candidate-gene association studies, in which several single nucleotide polymorphisms (SNPs) from relevant biologic pathways have been associated with RCC risk 1 including several genetic variants in genes that are involved in the renin-angiotensin-aldosterone system (RAAS) and hypertension pathways [2] [3] [4] . In genome-wide association studies (GWAS), susceptibility loci have been identified near the genes EPAS1 (endothelial PAS domain protein 1; involved in the von Hippel Lindau (VHL)-hypoxia-inducible factor (HIF) oxygen-sensing pathway), ITPR2 (inositol 1,4,5-trisphosphate receptor type 2; associated with waist-hip ratio) and ZEB2 (zinc finger E-box binding homeobox 2; involved in epithelial-mesenchymal transition) [5] [6] [7] [8] [9] . In a small GWAS among African Americans, an association with RCC risk was reported for a SNP that was located in the KCNQ2 (potassium voltage-gated channel, KQT-like subfamily, member 2) gene, but the association was not replicated in the confirmation study 10 . However, in complex diseases, such as RCC, a substantial part of the phenotypic variation may be explained by the modifying effects of genetic variations on lifestyle risk factors . Renal sodium homeostasis and the homeostatic balance of other solutes is maintained through renal reabsorption and secretion. This process of ion transport is facilitated by protein carriers or ion-specific channels and is essential, as free diffusion of ions through the renal tubules is limited 14 . Interestingly, these mechanisms have recently been put forward as potential novel mechanism underlying carcinogenesis 15 . Perhaps, the mechanism of ion transport may be another mechanism for which genetic variation may be associated with RCC risk or modify effects of sodium intake in relation to RCC risk.
Ion transport not only involves regulation of sodium homeostasis. Throughout the kidney, renal sodium reabsorption is linked to the reabsorption or secretion of other solutes, such as potassium 14 . Moreover, mechanisms in ion transport are a major focus in the pathogenesis of hypertension, as several forms of antihypertensive therapy intervene on various aspects of ion transport 16 . For example, diuretic medication increases the excretion of fluid and sodium from the kidneys. Therefore, potassium and fluid intake, hypertension and the use of diuretic medication are, in addition to sodium intake, relevant environmental factors in the context of gene-environment interactions in ion transport mechanisms.
In the present study, we used data from the prospective Netherlands Cohort Study (NLCS) on diet and cancer to investigate the association between candidate SNPs in ion transport mechanisms, their interplay with associated environmental factors and RCC risk.
Results
Genotype and allele frequencies of SNPs in ion transport genes in subcohort members of the NLCS are presented in Table 1 . Two SNPs, SCNN1G_rs4299163 and WNK1_rs10849563, showed a deviation from Hardy-Weinberg Equilibrium (HWE), as tested with Pearson χ 2 test (P < 0.001 and P < 0.001, respectively). Despite our priority criteria for multiplex design, i.e. SNPs with minor allele frequency (MAF) ≥ 20% in Caucasians and SNPs that were not in high linkage disequilibrium (LD) (r 2 < 0.8), some of the SNPs had a low MAF (GNB3_rs4963516; MAF = 0.148) or a high LD (SCNN1B_rs239345 and SCNN1B_rs11645151; r 2 = 0.93, D' = 0.96;) in this study population (Haploview, version 4.2 17 ). At baseline, cases and subcohort members did not substantially differ in dietary intakes (Table 2) . However, the proportion of men, cigarette smokers, participants with a diagnosis of hypertension and users of diuretic medication, was higher among cases than among subcohort members. Perceived saltiness, an inverse indicator of salt preference, was higher in cases than in subcohort members. Among subcohort members, there was no association between the three candidate SNPs in two genes that have previously been associated with taste responses in mice, including SCNN1B and SCNN1G 18 , and perceived saltiness, as tested with the χ 2 test (range P-values = 0.516-0.846).
Out of the 13 investigated candidate SNPs, only ADD1_rs4961 was significantly associated with RCC risk (Table 3) . Results were similar for the crude and age and sex adjusted model. In the latter model, the HR for the GT + TT (versus GG) genotype was 1.24 (95% CI: 1.01-1.53), whereas the HR for each T allele was 1.19 (95% CI: 1.00-1.41). The result was not statistically significant after adjustment for multiple testing.
We tested 65 gene-environment interactions between the candidate SNPs and the exposures under study, including the dietary intakes of sodium, potassium and fluid, hypertension status and the use of diuretic medication, in relation to RCC risk (Table 4) . Four gene-environment interactions were significant, but not after adjustment for multiple testing. The correlation between the intakes of sodium, potassium, and fluid, the use of diuretic medication and a history of hypertension was low to moderate among subcohort members (correlations − 0.003 to 0.54). Additional adjustment for discretionary salt intake in sensitivity analyses did not change the results. However, three out of the four observed borderline significant gene-environment interactions included the same SNP, i.e. SLC9A3_rs4957061. RCC risk estimates by genotype of this SNP are presented in Table 5 . A lower RCC risk was observed for the highest (versus the lowest) category of fluid intake in participants with the CC genotype (HR(95% CI): 0.47(0.26-0.86)), whereas no such lower RCC risk was observed for participants with the highest fluid intake and the CT + TT genotype (HR(95% CI): 1.03(0.64-1.65), P-interaction = 0.002). This is in line with results from continuous analysis (P-interaction = 0.031). For potassium intake, in continuous analyses, the RCC risk for each additional gram of potassium intake per day showed a subtle difference between the CC and CT + TT genotypes (HR(95% CI): 0.77(0.54-1.12) and 1.18(0.94-1.49), respectively; P-interaction = 0.028). However, the interaction could not be confirmed in the analyses using tertiles (P-interaction = 0.978). Moreover, the interaction between SLC9A3_rs4957061 and the use of diuretic medication was statistically significant (P-interaction = 0.013). The RCC risk was highest for participants with the CC genotype who used diuretic medication (HR(95% CI): 2.15(1.23-3.75)). High sodium intake (tertiles and increment of 1 g/d) and hypertension were associated with a higher risk of RCC, regardless of the SLC9A3_rs4957061 genotype (P-interaction = 0.808, 0.827 and 0.399, respectively).
Discussion
In the present population-based cohort study, we investigated 13 candidate SNPs in ten genes involved in ion transport in relation to RCC risk. Data does not support the general hypothesis that genetic variation in ion transport genes may influence RCC susceptibility, because only one of these SNPs, ADD1_rs4961, was significantly associated with RCC risk, but not after adjustment for multiple testing. We additionally investigated potential gene-environment interactions between these genes and exposures that may also be implicated in ion transport in the kidney, including dietary intakes of sodium, potassium and fluid, hypertension and the use of diuretic medication. Although significant gene-environment interactions clustered in one SNP, SLC9A3_rs4957061, results were not statistically significant after adjustment for multiple testing, and this does not support the general hypothesis that gene-environment interactions related to ion transport mechanisms are of interest in RCC etiology.
Of the 13 investigated candidate SNPs, only ADD1_rs4961 was significantly associated with RCC risk. The ADD1 gene encodes for α -adducin, a ubiquitously expressed cytoskeleton protein implicated in the formation of actin-spectrin complex, actin polymerization and cell signal transduction 19, 20 and has, to our knowledge, not previously been investigated in relation to RCC risk. Lin et al. concluded that the G allele of ADD1_rs4961 might modulate the decline of renal function in healthy elderly Chinese 21 . In contrast, we observed the highest RCC risk for the GT + TT (versus GG) genotype. The ADD1 gene was selected as candidate gene, because genetic variations in this gene have been associated with hypertension [22] [23] [24] . We observed no significant gene-environment HRs are adjusted for age at baseline (years), sex (male/female), total energy intake (kcal per day), smoking status (non-current/current), smoking intensity (cigarettes per day), smoking duration (years), BMI (Kg per m 2 ), alcohol intake (grams of ethanol per day), hypertension (yes/no) and use of diuretic medication (yes/no). interaction between the candidate SNP, ADD1_rs4961, and hypertension in relation to RCC risk. In addition, the variant genotype of ADD1_rs4961 is believed to induce proximal tubule sodium reabsorption 25 , but we observed no significant interactions between this SNP and sodium intake.
The observed gene-environment interactions were all clustered in one SNP, i.e. SLC9A3_rs4957061. The SLC9A3 gene encodes the Na + /H + exchanger 3 (NHE3), which is the major sodium transporter on the apical membrane of the renal proximal tubule cells 26 . This is of particular importance for RCC, as the majority of RCC tumors are thought to arise from the proximal renal tubule 27 . Animal studies, as well as studies in hypertensive patients suggest that this gene is important in the control of blood pressure through its effect on sodium transport [28] [29] [30] . It is however remarkable that the observed gene-environment interactions for SLC9A3_rs4957061 did not include hypertension or sodium intake, but potassium intake, fluid intake and use of diuretic medication. In Cox regression analyses, RCC risk estimates for fluid intake were similar in both continuous and categorical analyses; the highest intake was associated with a lower RCC risk for participants with the SLC9A3_rs4957061 reference genotype and not for participants with the variant genotype. Previously, we reported that there was no overall association between fluid intake and RCC risk present in this study population, after 17.3 years of follow-up 13 . Some of the candidate SNPs investigated in the present study are SNPs in SCNN1B and SCNN1G. These genes may be involved in the salty taste transduction pathway in the KEGG pathway database 31 and have previously been associated with salt taste responses in mice 18 . Therefore, these genes may be of particular importance in the association between sodium intake and RCC risk. We hypothesised that SNP-related interindividual variation in the SCNN1B and SCNN1G genes may determine one's perceived saltiness and ultimately the actual sodium intake. We could not confirm our hypothesis, because none of the SNPs in SCNN1B and SCNN1G were associated with perceived saltiness in the subcohort.
Several methodological considerations should be noted as to interpret the results of the present study. Given the prospective study design and the high ascertainment of RCC cases, selection bias and information bias are unlikely in the NLCS. The long follow-up provided sufficient number of cases for the current analyses, but may also have introduced some random misclassification regarding dietary intakes, which were calculated from a single measurement at baseline. In addition, it is possible that the proportions of participants with hypertension and diuretic medication use may slightly be underestimated using this single measurement. Both might have resulted in attenuation of the investigated gene-environment interactions. Moreover, different action mechanisms of various diuretics (e.g. potassium sparing) may have influenced the results. Information on the exact type of diuretic medication was not available. Furthermore, RCC is a heterogeneous disease, with respect to histology and (epi)genetic aberrations. It is conceivable that the observed associations were attenuated, because we did not take these subtypes into account. Finally, the results of two SNPs in particular, i.e. SCNN1G_rs4299163 and WNK1_rs10849563, should be interpreted with care, as they were not in HWE in our subcohort. However, there is no reason to assume that this error is different for cases and subcohort members or for different categories of the investigated exposures. Therefore, this potential genotyping error would rather have led to missing a true interaction (if any) than detecting an interaction 32 . For the present study, we used a candidate SNP approach and selected SNPs based on prior knowledge from current literature. Our initial SNP selection rendered too many potential SNPs of interest for the limited space available on the multiplex design. The 13 SNPs in ten ion transport genes that were successfully genotyped cover only a fraction of the large and complex network of genetic and environmental factors in which the investigated SNPs are included. As a result, true effects might still be diluted or masked by effects of those not included in the present study. In addition, the null results in the present study do not exclude the possibility that other SNPs in these genes or SNPs in other genes related to ion transport may influence RCC susceptibility. New studies in other populations are required to investigate this hypothesis.
In conclusion, results from the present study show some first indications of involvement of ADD1_rs4961 and SLC9A3_rs4957061 in RCC susceptibility. However, results do not support the general hypothesis that the mechanism of ion transport is a major underlying disease mechanism in RCC etiology, since the selected SNPs in ion transport genes and gene-environment interactions between these SNPs and related exposures were mostly not associated with RCC risk.
Methods
Study design, study population and follow-up. The Netherlands Cohort Study on diet and cancer (NLCS) is a prospective cohort study initiated in 1986 when 58,279 men and 62,573 women between the ages of 55-69 years were included [33] [34] [35] . The case-cohort design was used for efficiency in questionnaire processing and follow-up. Cases were derived from the entire cohort, whereas a subcohort of 5,000 subjects was randomly sampled at baseline to estimate person years at risk 36 . Subcohort members were regularly followed up for vital status information. All cohort members were followed up for cancer occurrence through computerized record linkage with the Netherlands cancer registry and the Dutch pathology registry (PALGA) 37 . The coverage of cohort members by the Netherlands cancer registry and PALGA to establish cancer follow-up is estimated to be over 96% 38 . Cases and subcohort members with prevalent cancer (excluding skin cancer) at baseline were excluded. After 20.3 years of follow-up, 608 microscopically confirmed RCC cases were identified (International Classification of Diseases for Oncology 3 (ICD-O-3): C64).
The NLCS has been approved by the institutional review boards of the TNO Quality of Life Research Institute (Zeist, the Netherlands) and Maastricht University (Maastricht, the Netherlands). All methods were carried out in accordance with the approved guidelines. All cohort members consented to participate in the study and the use of the biological samples by completing and returning the self-administered questionnaire and a bag with toenail clippings.
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Toenail DNA for genotyping. Approximately 90,000 participants provided toenail clippings at baseline. DNA was isolated from these toenails as described previously 39 . To increase our case sample, for 67 RCC cases without toenail clippings, DNA was isolated from formalin-fixed paraffin-embedded (FFPE) normal kidney tissues, as described by van Houwelingen et al. 40 and added to the sample collection of toenail DNA. Toenail DNA has shown to be a valid source of DNA for the genotyping of a limited set of SNPs when using the SEQUENOM ® MassARRAY ® platform using the iPLEX TM assay (Sequenom, Hamburg, Germany) 41 .
SNP selection and multiplex design. 39 (STK39) and WNK lysine deficient protein kinase 1 (WNK1). For these genes, SNPs were selected through extensive literature search considering the number of previously reported associations with i) the risk of RCC, ii) the risk of hyper-or hypotension iii) systolic or diastolic blood pressure, iv) enzymes or proteins in the renin-angiotensin-aldosterone system and v) salt handling, ion transport or salt sensitivity. This search strategy rendered over 100 potential SNPs of interest. A maximum of 40 SNPs could be included in the multiplex design. We gave priority to SNPs with more than one previously reported association, a MAF ≥ 20% in Caucasians (because of power considerations) and to SNPs that were not in high LD with each other (r 2 < 0.8). SNPs with the highest priority were first allocated to the assay. Nevertheless, due to potential sequence incompatibilities among primers, not all high priority SNPs could be included in the design. For example, we included WNK1_rs10849563 (A > G) as a proxy for our high priority SNP WNK1_rs765250 (T > C, r 2 = 1.0 and D' = 1.0), which has been associated with essential hypertension and blood pressure, but could not be combined with other SNPs on the multiplex. Subsequently, SNPs with less priority were used to fill the multiplex. Our final multiplex design included 31 SNPs. This manuscript focuses on gene-environment interactions with respect to the ion transport mechanism, including 13 SNPs from 10 genes. Gene-environment interactions with SNPs from the RAAS pathway have been reported in a separate manuscript 3 . SNP genotyping. For one SNP, ADD1_rs17833172, the genotyping completely failed for unknown reasons.
The remaining 30 SNPs were successfully genotyped: 96% of the samples had a call rate of at least 90% and the genotype concordance between duplicates and between toenail samples and FFPE healthy tissues samples was respectively 99.6% and 99.1% on average (n = 23). For 4,066 samples corresponding to 3,582 subcohort members and 502 RCC cases, complete genotyping data were available for further analyses (see Fig. 1 ). All SNP call rates were at least 99.9%, except for SCNN1G_rs4299163, SLC9A3_rs4957061 and WNK1_rs10849563, which had a SNP call rate of 95.4%, 94.0% and 98.7%, respectively (Table 1) .
Baseline questionnaire. All participants returned a mailed, self-administered, baseline questionnaire on diet and other risk factors for cancer. This baseline questionnaire included a 150-item, semi-quantitative food frequency questionnaire (FFQ), which was used for the assessment of dietary habits. Participants with an incomplete or inconsistent FFQ were excluded, leaving 3,379 subcohort members and 479 cases eligible for further analyses 33 . The FFQ ranked individuals adequately according to dietary intakes when compared to a 9-day dietary records 33 , and reflected nutrient intakes for at least 5 years 34 . Nutrient intakes were calculated using the Dutch food composition table 1986-87 42 . The daily sodium, potassium and fluid intakes were defined as intakes through both foods and beverages per day, including amounts naturally present in foods and beverages plus amounts added during food processing by food manufacturers. Sodium and potassium intake were adjusted for total energy intake by using the residual-mean method 43 and modelled as sex-specific tertile distributions. Fluid intake was modelled as categorical variable using the categories low (≤ 1.75 L/d), moderate (1.75-2.25 L/d) and high (> 2.25 L/d) intake.
In addition to the FFQ, the baseline questionnaire included specific questions on salt added during home-preparation and before consumption (i.e. discretionary salt intake), which could not be measured using the 150 food items 13, 44 . Furthermore, the baseline questionnaire included two questions on the saltiness of restaurant food and soups from package or can (ranging from "not salty enough" to "much too salty"), which were used to assess salt preference, as this may influence total salt (sodium) intake. Finally, participants were asked to report whether they had ever been diagnosed with 'high blood pressure' by a physician, whether they used any medication for more than six months and, if so, for which medical condition they used what kind of medication. Diuretic medication was defined according to the Anatomical Therapeutic Chemical (ATC) classification of the WHO Collaborative Centre for Drug Statistical Methodology 45, 46 . Statistical analyses. All analyses were conducted using Stata version 12 (Stata Corp., College Station, TX).
HRs and 95% CI for the independent main effects of each SNP on RCC risk were evaluated in a crude model and an age and sex adjusted model using Cox proportional hazards analyses adjusted for the case-cohort design 47 . Genotypes were analysed in a dominant model to maintain optimal power and in an allelic model. In subcohort members, we evaluated whether SNPs in genes that have previously been associated with taste responses in mice, including SCNN1B and SCNN1G 18 , were associated with perceived saltiness at baseline using the χ 2 test. Gene-environment interactions including the candidate SNPs and the intakes of sodium, potassium and fluid, hypertension and the use of diuretic medication were tested using the Wald χ 2 test by including the interaction term into the model. Risk estimates were only presented for the significant gene-environment interactions. Interaction analyses were performed in a multivariable-adjusted model, including a priori selected potential confounders: age at baseline (years), sex (male/female), total energy intake (kcal/day), body mass index (BMI, kg/m Scientific RepoRts | 6:34262 | DOI: 10.1038/srep34262 cigarette smoking (status (non-current/current), intensity (cigarettes/day) and duration (years)), alcohol consumption (g ethanol/day), hypertension (no/yes) and use of diuretic medication (no/yes). Analyses including sodium intake were additionally adjusted for discretionary salt intake (g/d) in sensitivity analyses. Participants with missing information on confounders were excluded, leaving 3,084 subcohort members and 419 cases available for multivariable analysis.
For all the models including covariates, the proportional hazards assumption was tested using the scaled Schoenfeld residuals. A violation was apparent for age, which was therefore modelled as time dependent covariate. All tests were two-sided and a P-value < 0.05 was considered statistically significant. To adjust for multiple testing, we applied the false discovery rate (FDR) approach of Benjamini-Hochberg 48 . The FDR was set at 20%, which is common in candidate gene studies 49 . FDR-adjusted P-values were separately calculated for the main genetic effects and for the interactions. 
